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INTRODUCTION
In last decades the rate of occurrence and the severity of natural catastrophes around the world have seriously increased. Hence the probability of severe losses is getting ever higher for homeowner, Governments and insurance industry, affecting simultaneously local and urban communities. This is also due to the growing urbanization in hazard-prone areas and to the existence of many old, non-seismic buildings, especially in European countries.
An effective and widely accepted means to mitigate seismic risk is the private insurance. Unfortunately, efforts for the roll-out of the insurance systems for residential buildings against natural disasters and, particularly, against seismic risk, are related to several different issues.
On the householder side, there is a widespread low risk perception, hence low willingness of people to voluntarily adopt cost-effective protective measures and to purchase insurance.
At the same time, insurance and reinsurance industry are not willing to promote and to sell coverage against such events, due to the high risk of exceeding their financial capacity.
According to Kunreuther [5] , the challenges associated with reducing losses from natural hazards is attributed to "the natural disaster syndrome", which consists of two strictly interrelated components: the limited interest in adopting pre-event protections and the high costs to the Governments and insurers following a catastrophe.
The optimization of engineering-based procedures to assess expected losses from disasters, has got the potential to meet the needs of householder and insurers, and is also an effective means for supporting mitigation actions. Reinsurers and Governments can then be represented just as bounds on the insurer-insured interactions, without being directly involved with catastrophic losses [6] .
Different scientific studies focus on probability-based means aiming at estimating expected losses from earthquakes [26] [27] [28] .
The integration of catastrophe modelling with insurance management is very popular in the modern insurance systems. Such methodology is usually highly conservative and prevent insurers to get an adequate gain mark up, in order to fix a high leeway to avoid insurers to get financial problems due to catastrophic losses.
Actually, a more precise assessment of expected losses allow insurers to know better the magnitude of losses they will have to face whenever a disaster occurs. Moreover, being losses not overestimated due to the conservatism of catastrophe modelling, insurers can sell insurance products at much lower premiums.
The present work proposes an engineering-based methodology to be used as a support for insurance systems modelling, based on the Italian territory hazard, on the vulnerability of its built environment and on its actual exposure. Such a methodology can potentially be implemented also for the insurance premium evaluation in other countries threatened by seismic risk. Two fundamental requirements are needed in order to effectively implement the procedure, that is, a detailed inventory of past earthquakes and a dataset containing information about the location of buildings in each municipality and their structural typology.
Peak ground acceleration (PGA) values are simulated based on the attenuation law of Bindi et al. (2009) [4] . Selected seismic events are the Italian historical earthquakes from the Catalogue of the National Institute of Geophysics and Volcanology (INGV). Intra-event and inter-event residuals are simulated in consistency with the log-normal attenuation law, using a multivariate normal distribution for the statistical simulation of PGA fields.
Fragility curves are selected from literature and averaged on each building type to evaluate the structural performance in terms of structural limit state exceedance probability given ground motion intensity.
Annual expected losses are estimated through the scenario analysis referring to the actual Italian building stock, according to data supplied by the National Institute of Statistics (ISTAT) [8] . Results are then aggregated to compute the total expected National loss.
Linear regression analysis are then performed on 50°, 16° and 84° percentile values, for each simulated PGA field (100 values for each simulation) in order to obtain predictive expected loss versus event magnitude relationships.
EARTHQUAKES SCENARIO ANALYSIS AND SIMULATIONS
All historical earthquakes are selected, whose epicentre was located within the Italian frontier. Hence, 970 earthquakes on 1172 events are investigated from the updated catalogue of INGV [2] , from 217 b.C. until 2002 and with magnitude larger than 4.
The catalogue provides some parameters which are fundamental for the implementation of the scenario analysis: geographical coordinates of epicentre and magnitude.
The ground motion equation used in this work for PGA estimate is outlined in Bindi et al. (2009) [4] . It adopts the same functional form of Sabetta and Pugliese (1996) [3] , and updates its coefficients, as follows: (1 ) Some assumptions are made in the context of the present study: M is assumed to be equal to Msp, according to the INGV's historical catalogue, R is the epicentral distance from the centre of each municipality [km] . Other parameters are assumed to be the same as suggested by Bindi et al.. In this first step, S i is assumed to be equal to zero, which means that PGA is evaluated assuming rock soil conditions. σ is the standard deviation of the log of PGA and is given by the following:
where σ inter is the inter-event standard deviation and σ intra is the intra-event standard deviation. According to such distinction, to evaluate the differences attained in the evaluation of expected losses, in this study two limit cases are investigated when performing scenario simulations: PGA fully uncorrelated, assuming σ=σ , and PGA partially correlated, considering only the inter-event correlation in the residuals of the ground motion prediction equation. 100 values are simulated for each earthquake, drawn from the attenuation law.
The attenuation law is calculated for each seismic event with different magnitude, as shown in Figure 1 , for each Italian municipality. For municipalities at distances lower than 5 km from the epicentre, PGA is assumed to be equal to the epicentral one. For municipalities at distances larger than 100 km from the epicentre PGA is assumed to be equal to zero.
In the case of both fully correlated PGA and partially correlated PGA, error simulations according to a multivariate normal distribution are performed, whose median is equal to the PGA calculated according to the attenuation law from Bindi et al. (2009), given in equation (2) .
Regarding the standard deviation, , of the multivariate normal distribution, it is differently calculated for the two limit cases.
In the case of PGA fully uncorrelated it is given by a covariance matrix, which accounts for the total standard deviation as it is given by Bindi et al., and is defined as follows:
The histogram of sample simulations based on the fully uncorrelated assumption is shown for Benevento municipality for Molise 2002 (Msp=5.59) in Figure 2 -(a). Conversely, in the case of partially correlated PGA, standard deviation for multivariate normal distribution for simulations is evaluated from a covariance matrix, accounting only for the inter-event correlation, as follows: Once the PGA field, derived from each earthquake, is evaluated for the entire Italian territory (assuming rock as soil type), PGA values are amplified according to the topographical and stratigraphic coefficient of each municipality, as defined by Colombi et al. (2010) [7] .
FRAGILITY CURVE DATASET SELECTION
Seismic fragility curves define the probability of exceedance of a discrete set of limit states, as a function of an intensity measure of the earthquake (IM).
In this paper, the considered intensity measure is the PGA, hence the cumulative distribution function (CDF) representing each set of fragility curves is defined as:
Being i the structural typology, j the number of limit states and Φ is the standard normal distribution function. Several studies have been investigated from the literature among which those referring to structural typologies which are more similar to the Italian ones, have been selected ( [10] ). Six structural typologies have been identified from ISTAT dataset: seismic and non-seismic reinforced concrete, seismic and non-seismic masonry and seismic and nonseismic mixed buildings.
The probability of the exceedance of limit state sl given PGA is evaluated as:
Actually a vulnerability assessment considering spectral acceleration, Sa, rather than PGA is more precise from a structural point of view and respects the ground motion IM as meant by the Italian building code. Unfortunately, to evaluate spectral acceleration at least the number of storeys of each residential building should be known. Such an information, which allow to estimate the fundamental period, T, of the buildings, is not given by the ISTAT database.
LOSS ESTIMATION MODEL
In this paper, a discrete version of the Performance-based Earthquake Engineering (PBEE) framework equation (e.g., [9] ) is used (see Asprone et al. (2013) for more details):
where l i is the expected loss given PGA per square meters of residential units;
PGA is the earthquake IM evaluated for each municipality through the attenuation law and then amplified for the stratigraphic and topographical coefficients, S S and S T . The specific loss expected values, l i , are averaged on all considered curves (i=1:N) for each structural typology and the resulting mean value,
 , is then integrated on the square meters amount. Hence, the total expected loss, L m , is evaluated, which represents an indicator of mean losses on the overall municipal territory. By summing up L m for all municipalities, the National expected loss, L, is computed.
Some assumptions are made regarding the unit cost of reconstruction/restoration. Being n the number of limit states for each vulnerability curve, the reconstruction cost, RC collapse , is assumed to be equal to 1500 €/sqm. It corresponds to the collapse limit state and its amount comes from the estimates of CRESME (2011) [25] regarding mean costs for new constructions in Italy.
Furthermore, according to the scenario analysis by Asprone et al. (2013) , the reconstruction/restoration costs for residential buildings are assumed to have a linear trend against the limit states, i, as in the following:
Such relationship allows to evaluate the unit loss also for intermediate limit states and to keep this invariant for the assumptions made.
Expected National Losses are evaluated for each earthquake simulation performed, and plotted against magnitude, in the case of PGA fully uncorrelated ( Figure 3 ) and PGA partially correlated (Figure 4 ). The results demonstrate more scatter in expected loss given magnitude for the case when PGA values are partially correlated (with respect to the uncorrelated case). 
PBEE SUPPORTING INSURANCE INDUSTRY: RESULTS AND DISCUSSION
Seismic insurance is a potential tool for seismic risk mitigation, whose modeling is currently of great concern.
Dealing with the Italian building stock, one has to consider that the set of residential buildings is a spatially distributed system. Hence, the joint distribution of ground motion parameters at different sites is needed when performing a scenario simulation. Since, the entire Italian built environment is investigated, and the spatial modeling of ground motion at the level of each municipality rather than the single building is performed. This is done based on the working assumption that PGA values are constant within the single municipality's area.
Once scenario simulations are executed, linear regression analysis are implemented according to the least square method. These leads to a predictive model for expected loss given magnitude .
First a linear regression on logarithms of 50 th percentile of estimated losses for both the case of PGA fully uncorrelated and PGA inter-event correlated is performed: 
where L 50th is the median value of evaluated expected losses for each earthquake simulation, M sp , is the magnitude according to the INGV catalogue, and log 10 a and b are the coefficients of the regression curve (the intercept and the slope, respectively). The regression can be seen also as a probabilistic model for the residuals (errors), where the assumption of having constant dispersion, i.e. the homoskedasticity assumption, subsists. The sample variance can be then estimated as: where the numerator represents the residual sum of squares and the denominator is the degree of freedom remaining, since the predicted values are calculated using two statistics, namely, the slope and the intercept of regression. Hence, the 16 th and 84 th percentiles for loss given magnitude according to the regression predictive model are calculated as: Figure 6 and Figure 7 . The black curves demonstrate the regression curve and its 84 th and 16 th percentiles; the blue curves demonstrate the regression curves fitted to the 16 th and 84 th percentiles of the expected loss values. It can be observed that the blue curves capture the fact that there are less data (less number of very big earthquakes) for very large magnitudes. On the other hand, the black lines are based on a homoskedastic regression model (constant dispersion) and cannot capture this trend. In both Figure 6 and Figure 7 , the expected losses are calculated for each historical event with a given magnitude for the built environment in the entire Italian territory. Figues 8a,b below show the regression curves fitted to the median (Figure 8a ) and the mean values (Figure 8b ) for losses calculated for the two cases of uncorrelated (dashed dot) and partially correlated (dashed) PGA values. As it is expected the mean values curves are almost identical (the expected value for total losses over the entire territory does not depend on the correlation structure); whereas, the median values for the partially correlated case are lower (this is reasonable since the partially correlated case is associated with higher standard deviations, the median should be smaller so that the expected values are equal). 
CONCLUSIONS
The main criticality that insurers have to face when dealing with private seismic insurance is related to the knowledge of effective economic resources needed. It is fundamental to cope with the insurers' need to pay the insured, without incurring in insolvency, and also to cover expenses without getting into cash flow problems. Collecting information about past earthquakes and information about the population of residential buildings and their construction in the present, this study proposes predictive relationships for the expected economic losses given the magnitude. The procedure employed for deriving these predictive relationships takes into account (partially) the spatial correlation in the residuals of the ground motion prediction equation. The results are presented in terms of the 16 th , median and 84 th percentiles for ex-pected loss curves given magnitude based on two distinct assumptions regarding the spatial correlation structure in PGA values (uncorrelated and partially correlated considering only the inter-event correlation). The above-mentioned percentile curves are calculated based on both homoskedastic (constant dispersion) linear regression and also by directly calculating the percentiles from the data. It can be observed that the 16 th /84 th percentiles' confidence interval around the median is larger in the case of partially correlated PGA values. This observation is in agreement with similar results in the literature (e.g., Goda and Hong 2008) . Moreover, it is observed that the simple linear logarithmic regression based on the assumption of constant dispersion cannot capture the fact that there are less historical earthquakes available for the very large magnitudes (also reflecting the fact that there are fewer faults that are physically capable of producing very large events). The seismic events collected by the historical catalogue are, in fact, in higher number for lower magnitudes. In general, the predictive relationships derived for the expected loss given magnitude clearly show significant dependence on how the correlation in the peak ground acceleration is modeled (with the exception of the mean curve that demonstrates a certain insensitivity to spatial correlation). This confirms further (see e.g. see for example Yoshikawa and Goda 2014 ) that the choice of a suitable risk metric for insurers is of extreme importance for decision-making.
